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A soluble Ca 2÷- and CaZ+-calmodulin-activated protein kinase was partially purified from wheat germ. 
The phosphorylation f histones and casein catalyzed by this enzyme is largely Ca2+-dependent. After 
repeated gel filtration of the protein kinase in the presence of 1 mM EGTA, the phosphorylation f casein 
and histones by the enzyme is activated 3-fold and up to 16-fold, respectively, by added calmodulin 
(12.5 #M). Such activation of the protein kinase by calmodulin is Ca2+-dependent. The protein kinase 
binds to calmodulin-Sepharose 4B in a CaZ+-dependent fashion. This type of Ca2+-activated protein 
kinase may be involved in stimulus-response coupling in plants. 
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1. INTRODUCTION 
Protein phosphorylation catalyzed by cyclic 
AMP-dependent or CaZ+-calmodulin-activated 
protein kinases represents a major means by which 
external stimuli (e.g., hormone or electrical sig- 
nals) change animal cellular processes [1]. While 
some hormonal effects on in vivo protein phos- 
phorylation in plants have been demonstrated 
[2-4], the mechanism of regulation of the protein 
kinases involved is unknown. Possible elements of 
a cyclic AMP-regulatory system have been found 
in plants, including the presence of cyclic AMP, 
cyclic AMP phosphodiesterases and a multiplicity 
of high-affinity cyclic AMP-binding proteins [5]. 
However, no cyclic AMP-dependent protein kinase 
activity has yet been detected in plants. 
Calmodulin has been isolated from higher plant 
sources [6,7] and it has been suggested that Ca z+ 
(bound to calmodulin) may have a second mes- 
senger ole in plant as in animal cells [7,8]. In sup- 
port of this proposal, action potentials in the alga 
Abbreviations: cyclic AMP, adenosine 3',5'-monophos- 
phate; CAPP, 2-chloro-10-(3-aminopropyl) henothia- 
zine 
Chara which inhibit cytoplasmic streaming reatly 
increase free cytoplasmic Ca 2+ concentration [8]. 
Ca2+-calmodulin activates NAD kinase [6,9] and 
(Ca 2+ + Mg2+)-ATPase [10] from higher plants 
and calmodulin stimulates plant microsomal Ca 2+ 
uptake [11]. However, activation of plant protein 
kinase by calmodulin has not been reported. 
This paper describes the solubilization and par- 
tial purification of a plant protein kinase that is 
stimulated by added calmodulin in a Ca2+-depen- 
dent fashion. 
2. MATERIALS AND METHODS 
2.1. Purification of  the protein kinase 
All purification steps were conducted at 0-4°C. 
Wheat germ (50 g) was suspended in 200 ml buffer 
A [50 mM Tris (CI-, pH 8.0)-10 mM 2-mercapto- 
ethanol] and homogenized for 2 min at top speed 
with an Ultra-Turrax blender. The homogenate 
was filtered through muslin and centrifuged at 
40000 x g for 30 min. The pellet (which includes 
the large chromatin fraction) was suspended in 
60 ml 0.5 M NaCl-buffer A and the suspension 
centrifuged at 40000 x g for 30 min. The resulting 
supernatant (chromatin extract) was diluted 5-fold 
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in buffer A and 20 g DEAE-cellulose (Whatman 
DE52) was added. The suspension was filtered and 
the DEAE-cellulose washed with 0.1 M NaCl-buf- 
fer A. The filtrate was made 10 mM with respect o 
bis (Zhydroxyethyl) imino-tris (hydroxymethyl) 
methane, the pH adjusted to 6.5 and the resulting 
protein precipitate was removed by centrifugation 
at 40000 x g for 30 min. Carboxymethylcellulose 
(Whatman CM52, 20 g) was added to the super- 
natant and the suspension filtered. The pH of the 
filtrate was adjusted to 8.0 before stepwise 
(NI-&)2S04 fractionation. The fraction precipi- 
tating between 30-70% (NI&)zS04 saturation was 
collected by centrifugation, dissolved in buffer A 
and applied to a column (4.9 cm2 x 70 cm) of 
Ultrogel AcA 34. The column was eluted with buf- 
fer A, yielding one peak of calmodulin-activated 
protein kinase (fig. 1). 
15 
IO 
0 
w 
-3 
05 
0 
670 
660 
50 100 150 200 
Elution volume (ml1 
Fig. 1. Resolution of Ca*+ -calmodulin activated protein 
kinase from casein kinase by gel filtration on Ultrogel 
AcA 34 in buffer A. Protein kinase was assayed as in 
section 2.1 with the following inclusions: no added pro- 
tein substrate (b); 1 mg histone/ml-250pM CaClz 
(-x%-); 1 mg histone/ml-250 pM CaClz-26.5 pM 
calmodulin (--+--); 1 mg casein/ml (-a-); protein 
was monitored by &so (&). 
2.2. Protein kinase assay 
Protein kinase was assayed at 30°C and the reac- 
tion product analysed by precipitation of 32P-label- 
led protein onto filter paper disks in 15% trichloro- 
acetic acid as in [5]. The standard assay medium 
(final vol. 100 ~1) contained 50 mM Tris (Cl-, 
pH 8.0), 25 PM ATP (the specific activity of 
[ Y-~~P] ATP in the assay was -10-50 mCi/mmol), 
10 mM MgClz, protein kinase and protein sub- 
strate. Protein was determined by the biuret 
method [ 121. 
2.3. Materials 
Raw wheat germ was purchased from Heidel- 
berg Health Foods (Melbourne). [Y-~~P]ATP 
(3 CVmmol) was obtained from the Radiochemical 
Centre (Amersham). Dephosphorylated casein, 
calf thymus histones (catalogue specification: type 
II-A), bovine serum albumin, phosvitin and chlor- 
promazine were obtained from the Sigma 
Chemical Co. (St Louis). Calmodulin was purified 
from sheep brain by a procedure involving heat- 
treatment (85’C for 5 min) and affinity chromato- 
graphy on a CAPP-Sepharose 4B matrix [ 131. The 
purity of the calmodulin was checked by electro- 
phoresis in 0.1% SDS-12.5% polyacrylamide slab 
gels [14]. Calmodulin was coupled to cyanogen 
bromide-activated Sepharose 4B essentially as in 
[15]. CAPP was kindly supplied by Smith, Kline 
and French Labs. (Philadelphia) and fluphenazine 
was obtained from Squibb Aust. (Melbourne). 
3. RESULTS AND DISCUSSION 
Initial attempts at resolution of Ca’+-calmodu- 
lin-activated protein kinase from wheat germ invol- 
ved passage of the initial high-speed supernatant 
(see section 2.1) through a calmodulin-Sepharose 
4B column in buffer A-l mM CaC12. The protein 
kinase was eluted with 1 mM EGTA in buffer A. 
This procedure routinely yielded protein kinase 
activity that was activated up to 4-fold by addition 
of 250pM CaC12 with 25 PM calmodulin when 
1 mg calf thymus histone/ml was present. How- 
ever, this activity (measured with Ca2+-calmodu- 
lin present) was very low (0.01 nmol .min-’ .g 
fresh wt-‘) and was labile; 45% of activity was lost 
over 1 day. It was subsequently found that extrac- 
tion of the chromatin-containing initial pellet at 
high ionic strength yields (after subsequent passage 
through DEAE-cellulose) a much greater amount 
(0.7 nmol . min-’ .g fresh wt-‘) of calmodulin- 
activated protein kinase (table 1). 
Stimulation of protein kinase by calmodulin is 
not observed with the initial chromatin extract but 
is elicited by passage of the extract through DEAE- 
cellulose at pH 8.0 (table 1). The calmodulin- 
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Table 1 
Purification of the calmodulin-activated protein kinase 
Fractionation stage Protein Protein kinase (nmol/min) 
(mg) 
No added + histone + histone + casein 
protein + Ca2+ + calmodulin 
substrate + Ca2+ 
Chromatin extract 1591 21 26 28 73 
DEAE-cellulose 1470 21 18 35 104 
pH 6.5 supernatant 1353 2.3 5.0 13.0 48 
CM-cellulose 1012 1.0 4.2 11.6 26 
Ultrogel AcA 34 53 0.1 1.1 2.6 1.8 
Protein kinase was determined in triplicate as in section 2.2 with no added substrate, 1 mg histone/ml and 250 gM CaC12 
in the presence or absence of 26.5 pM calmodulin or with 1 mg casein/ml; 50 g wheat germ was processed 
activated protein kinase does not bind to DEAE- 
cellulose at pH 8.0 nor to carboxymethyl-cellulose 
at pH 6.5 and is not precipitated at pH 6.5 (table 
1). The final gel filtration step yields coincident 
peaks of protein kinase activity as measured with 
histone (in the presence or absence of calmodulin) 
or with casein and resolves the calmodulin-acti- 
vated protein kinase from a lower molecular size 
casein kinase that does not phosphorylate histones 
(fig. 1; table 1). The final preparation is clearly in- 
homogeneous as judged from the very low specific 
activity (0.05 nmol. mm-‘. mg protein-’ in the 
presence of histone and Ca2+-calmodulin) and a 
multiplicity of bands observed on 0.1% SDS- 
12.5 (70 polyacrylamide gel electrophoresis . The 
preparation is relatively stable, losing only 45% of 
activity over 7 days at 4°C. 
Protein phosphorylation catalyzed by the par- 
tially purified protein kinase is largely (but not 
completely) dependent upon addition of casein, 
calf thymus histones or protamine. Phosphoryla- 
tion with added histone is stimulated by inclusion 
of calmodulin (table 2). Addition of phosvitin or 
bovine serum albumin causes only a slight increase 
in phosphorylation rate above that observed in the 
absence of added protein (table 2). While the 
stimulation by Ca2+-calmodulin is -3-fold at 
1 mg histone/ml and %-fold at 2 mg/ml, the stimu- 
lation is much lower (only up to 12%) at 0.25 mg 
histone/ml. Experiments involving electrophoresis 
of the reaction products (see section 2.3) and sub- 
sequent autoradiography of the dried gels con- 
Table 2 
Substrate specificity of the calmodulin-activated protein 
kinase 
Protein substrate 
added 
Protein kinase activity 
(@IO control) 
- calmodulin + calmodulin 
Calf thymus histones lOOk 5 357 f 8 
Protamine 50* 4 48+ 7 
Casein 154 f 12 135 f 12 
Phosvitin 20* 4 28+ 4 
Bovine serum albumin 23+ 3 27f 6 
None 152 1 22i 4 
Protein kinase assays were performed in quadruplicate 
as in section 2.2 with 250 FM CaCl2 and 26.5 PM calmo- 
dulin present or with 250 /IM CaC12 and no added cal- 
modulin. Protein substrates were included at 1 mg/ml. 
Mean activities (+ standard deviations) are expressed as 
% of control activity (measured with 1 mg/ml calf thy- 
mus histones in the absence of calmodulin) 
firmed the activation by added Ca2+-calmodulin 
of histone phosphorylation. 
The activation of the protein kinase requires 
relatively high concentrations of calmodulin. Thus 
with 250pM Ca2+ and 1 mg calf thymus his- 
tone/ml in the standard assay, protein kinase 
activity with 2.6, 6.6, 13.2 and 26.5 PM calmodulin 
is 116, 126, 181 and 269070, respectively, of control 
169 
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activity with no calmodulin present. The activation 
of the protein kinase by calmodulin requires Ca2+ 
since inclusion of EGTA abolishes the activation; 
with EGTA included in the assay, protein kinase 
activity is inhibited and is the same in the presence 
or absence of calmodulin (table 3). Various pheno- 
thiazine derivatives bind to calmodulin in a 
Ca2+-dependent fashion including chlorpromazine 
[16], CAPP [13] and fluphenazine [17]. At the rela- 
tively high concentration of 0.2 mM these com- 
pounds cause partial inhibition of the protein 
kinase in either the presence or absence of added 
calmodulin and 2.0 mM CAPP causes virtually 
complete inhibition (table 3). The inhibition of his- 
tone phosphorylation in the absence of added cal- 
modulin by EGTA or phenothiazines (table 3) is 
consistent with the possibility that the protein kin- 
ase preparation contains endogenous calmodulin. 
Similarly, casein phosporylation in the presence of 
250 PM CaCl2 (but the absence of added calmodu- 
lin) is inhibited 33% by 250pM chlorpromazine 
and 69% by replacement of CaCl2 with 250,0M 
EGTA. 
Table 3 
Activation of protein phosphorylation by 
Ca’+-calmodulin 
Addition Protein kinase (O;ro control) 
- calmodulin + calmodulin 
(A) None 100 269 
EGTA (0.25 mM; 
no Ca2+ added) 40 45 
(B) None 100 292 
CAPP (0.2 mM) 51 212 
CAPP (2.0 mM) 4 0 
Fluphenazine 
(0.2 mM) 70 242 
Chlorpromazine 
(0.2 mM) 56 262 
Protein kinase was assayed in triplicate as in section 2.2 
as follows: (A) with 1 mg histone/ml and 250 PM CaClz 
in the presence or absence of 26.5 ,uM calmodulin; (B) 
with 0.8 mg histone/ml and 200 pM CaC12 in the 
presence or absence of 21 ,uM calmodulin. Activities are 
expressed relative to control assays in the absence of 
calmodulin. Standard deviations of control assays were 
-5% of the means 
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Since calmodulin is an acidic protein [7] it is pos- 
sible that calmodulin may bind to histones in the 
assay conditions. Such an interaction could explain 
the histone-specific activation by calmodulin (table 
2) and the relatively large calmodulin concentra- 
tions required to stimulate activity (cf. [lo, 111). A 
calmodulin-histone interaction could conceivably 
affect the sensitivity of the system to phenothiazines 
(table 3). Indeed in the protein kinase assay medium 
with 1 mg histone/ml, addition of -25 PM cal- 
modulin causes turbidity in the absence of Ca2+ 
(i.e., with 0.25 mM EGTA present). This turbidity 
does not occur in the presence of 0.25 mM CaC12; 
i.e., in the conditions in which stimulation of the 
protein kinase by calmodulin is observed (table 3). 
However soluble histone-calmodulin complexes 
may still exist in these conditions. Accordingly the 
histone-specific activation by added calmodulin 
may be explained if endogenous calmodulin (or an 
endogenous analogue of calmodulin) is removed 
from the enzyme by histones or if a calmodu- 
lin-histone complex is itself a substrate for the 
protein kinase. The latter explanation is unlikely 
since added calmodulin also activates casein phos- 
phorylation by preparations of the protein kinase 
subjected to repeated gel filtration in the presence 
of 1 mM EGTA. The protein kinase was purified 
by a variation of the procedure in section 2.1 in 
which the final gel filtration step in buffer A was 
replaced by two successive gel filtrations on the 
Ultragel AcA 34 column in buffer A-l mM 
EGTA. Casein phosphorylation catalyzed by such 
EGTA-treated protein kinase is activated 2.9-fold 
by 12.5 ,LLM calmodulin (in the standard assay in 
the presence of 0.25 mM EGTA and 0.75 mM 
CaC12); omission of CaCl2 causes 83% and 87% 
inhibition, respectively, of activity in the presence 
or absence of calmodulin. Maximal activation by 
Ca2+ of EGTA-treated protein kinase in the 
absence of added calmodulin is obtained at 
4 x lop5 M free Ca2+. The largest stimulation of 
the protein kinase by calmodulin obtained in this 
study was a 16.3-fold stimulation by 12.5 ,xM cal- 
modulin of histone phosphorylation catalyzed by 
EGTA-treated protein kinase. 
A significant component (22%) of the calmodu- 
lin-activated protein kinase (partially-purified as in 
section 2.1) is retained on a column of calmodu- 
lin-Sepharose 4B in 1 mM CaCL-buffer A and is 
eluted in 1 mM EGTA-buffer A. Thus calmodulin 
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interacts with the protein kinase in a Ca’+-depen- 
dent fashion. This is the first report of stimulation 
by Ca*+-calmodulin of protein phosphorylation 
catalyzed by a Ca*+ -activated plant protein kinase. 
However, it remains possible that this Ca*+-acti- 
vated protein kinase is not regulated by calmodulin 
in vivo. The role of this enzyme in stimulus- 
response coupling in plants remains to be deter- 
mined. 
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